Background--The presence of a durable left ventricular assist device (LVAD) is associated with increased risk of vasoplegia in the early postoperative period following heart transplantation (HT). However, preoperative predictors of vasoplegia and its impact on survival after HT are unknown. We sought to examine predictors and outcomes of patients who develop vasoplegia after HT following bridging therapy with an LVAD.
T he use of cardiopulmonary bypass (CPB) can be complicated by severe systemic vasodilation (vasoplegia), a condition characterized by depressed systemic vascular resistance (SVR) and hypotension refractory to administration of vasopressors despite normal or increased cardiac output during and after CPB. 1, 2 Vasoplegia occurs in up to 25% of routine cardiac surgeries, and its prevalence is even higher in patients undergoing left ventricular assist device (LVAD) implantation and heart transplantation (HT). [3] [4] [5] Several risk factors, including preoperative use of agents such as angiotensin-converting enzyme inhibitors or calcium channel blockers, pre-CPB hemodynamic instability requiring mechanical circulatory support (MCS), and prolonged aortic crossclamp times, can lead to a systemic inflammatory response, increased production of nitric oxide, and diminished SVR. [6] [7] [8] The utilization of continuous-flow LVADs for stage D heart failure patients as a bridge to transplantation (BTT) is associated with improvement in survival and quality of life. [9] [10] [11] However, the postoperative course of LVAD recipients can be challenging because it is often complicated by bleeding, right ventricular failure, arrhythmias, and recurrent infection. 12 In addition, long-term LVAD support may cause endothelial dysfunction resulting in chronic inflammatory activation. 13 These factors may increase the risk of vasoplegia following HT for patients with BTT LVADs. Although previous studies have focused on risk factors for vasoplegia following HT or cardiac surgery in general, patients undergoing HT after LVAD bridging represent a unique group who may have a different risk profile and outcomes associated with the development of vasoplegia after HT that have not yet been studied. Furthermore, earlier studies have demonstrated that vasoplegia after HT is associated with increased 30-day mortality and is more common in recipients on pre-HT MCS, in those with higher body mass index, and in those with prolonged CPB and ischemic time. 8, 14, 15 However, a recent retrospective single-center study of 244 patients after HT (including 56 patients on MCS) found that the presence of vasodilatory shock following HT was associated with increased likelihood of postoperative bleeding and prolonged intubation and hospital stay but had no effect on mortality and graft-rejection rates. 16 Adding to the discrepancy in the literature regarding the impact of vasoplegia on short-term outcomes after HT, the impact on long-term outcomes, particularly in patients bridged with an LVAD before HT, has not been previously investigated.
For the first time, given the increasing numbers and complexity of LVAD recipients listed for HT, we sought to investigate whether there might be unique predictors of vasoplegia after HT that can be related specifically to LVAD bridging and to examine both short-and long-term outcomes among this population. We hypothesized that the development of vasoplegia following HT is common after bridging with an LVAD and that it is associated with increased short-and long-term morbidity and mortality. Consequently, identifying predictors of vasoplegia in this population can be clinically meaningful.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Data Source
Data collection and analysis were performed after Minnesota research authorization was provided by all study participants. Our study protocol was approved by the local institutional review board of the Mayo Clinic College of Medicine. We retrospectively analyzed a cohort of 380 patients receiving an LVAD. Our inclusion criteria included all consecutive adult patients (age ≥18 years) with end-stage heart failure who received axial or centrifugal continuous-flow LVADs (Heart-Mate II [Thoratec] or HeartWare [HeartWare Inc]) between July 2008 and June 2018 as BTT at the Mayo Clinic in Rochester, Minnesota. Of the 380 patients implanted with an LVAD during the study period, 94 patients underwent HT after bridging therapy with a continuous-flow LVAD and met the inclusion criteria of this study.
Definition
The definition of vasoplegia has varied across studies of patients undergoing cardiac surgery. 3, 15, 17 We defined vasoplegia as persistent low SVR (< 800 dynes/s per cm 5 ), normal cardiac index (>2.5 L/min per m 2 ), and normal cardiac function by echocardiogram, requiring ≥2 intravenous vasopressors (eg, vasopressin, norepinephrine, or high-dose epinephrine infusion of >5 µg/min) within 48 hours after HT for >24 hours to maintain mean arterial pressure >70 mm Hg, as described previously by Chan and colleagues 18 and followed by others. 3 All patients were diagnosed with vasoplegia after excluding primary graft dysfunction (PGD) as the cause of their hemodynamic derangement. PGD was determined according to the 2014 International Society for Heart and Lung Transplantation consensus definition, 19 which requires left (PGD-left) or/and right (PGD-right) ventricular graft dysfunction to occur within 24 hours after the completion of the transplantation surgery. An additional grading scale for the severity of LV PGD (mild, moderate, or severe) was determined depending on the level of cardiac dysfunction and the extent of inotrope and
Clinical Perspective
What Is New?
• Bridging with left ventricular assist devices is associated with increased risk of vasoplegia syndrome after heart transplantation (HT), but predictors and long-term outcomes of vasoplegia in this population have not been studied. • This study demonstrates that older age, longer left ventricular assist device support, impaired renal function, and prolonged cardiopulmonary bypass time are independent predictors of vasoplegia in patients undergoing HT after left ventricular assist device support. • Patients who develop vasoplegia are at significantly increased risk of postoperative complications and long-term all-cause mortality following HT.
What Are the Clinical Implications?
• Vasoplegia is associated with worse prognosis; therefore, detailed assessment of these predictors can be clinically important and help in the evaluation and preparation of patients supported by left ventricular assist devices as a bridge to HT. • Further research is necessary to examine whether modification of these risk factors for vasoplegia can affect early and long-term outcomes after HT. mechanical support required. 19 According to our definition of vasoplegia, which requires the existence of normal cardiac function and cardiac index, there was no overlap between the diagnosis of vasoplegia and PGD in this study.
Clinical and Demographic Data
Demographic, clinical, echocardiographic, hemodynamic, LVAD, and laboratory data were obtained from our prospectively collected clinical database. Medications including renin-angiotensin-aldosterone system antagonists, b-blockers, antiplatelets, vasodilators, antiarrhythmics, and statins were reviewed and recorded at the last visit before HT. Immunosuppressive agents, vasopressors, and inotropes were recorded perioperatively. The estimated glomerular filtration rate was calculated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. 20 The prevalence of comorbid conditions, recorded at the last visit before HT, was estimated using the Charlson comorbidity index, as previously described. 21 
Outcomes
The main outcomes of our analysis were all-cause mortality after HT at 30 days and at long-term follow-up. Additional outcomes included length of stay (LOS) in the intensive care unit (ICU), LOS in the hospital, inotrope or vasopressor requirements, duration of mechanical ventilation, and use of extracorporeal membrane oxygenation and intra-aortic balloon pump early after HT. We also evaluated rates of cellular rejection, antibody-mediated rejection, and hemodynamically significant rejection (defined as any biopsy-proven rejection resulting in allograft dysfunction or hemodynamic compromise), as well as renal function, left ventricular ejection fraction, rates of cytomegalovirus and Epstein-Barr viral infection, and cardiac allograft vasculopathy at 1 year after HT. Survival and clinical event information was obtained from subsequent clinic visits and written correspondence from local physicians. Hemodynamic parameters including mean arterial pressure, mean right atrial pressure, mean pulmonary arterial pressure, mean capillary wedge pressure, transpulmonary gradient, cardiac output, cardiac index based on the Fick equation, pulmonary vascular resistance, right ventricular stroke work index, and pulmonary artery pulsatility index ([pulmonary artery systolic pressure minus pulmonary artery diastolic pressure] divided by right arterial pressure) were obtained preoperatively at the time of HT.
Statistical Analysis
All variables were tested for normal data distribution. Normally distributed data were expressed as meanAESD. Nonnormally distributed data were presented as the median with the interquartile range. Patient characteristics were compared between those with and without vasoplegia using the v 2 test for categorical variables (or Fisher exact test if the expected count was <5), ANOVA for normally distributed continuous variables, and the Kruskal-Wallis test for continuous variables with skewed distribution. Univariate and multivariate logistic regression models were constructed to identify factors associated with vasoplegia. A Cox regression model, with adjustment for age, sex, Charlson comorbidity index, combined organ transplantation, and length of LVAD support, was fit to determine the factors associated with the main outcomes of our study. All significance tests were 2-tailed and conducted at the 5% significance level.
Results

Patient Characteristics
Among 380 patients who underwent continuous-flow LVAD implantation during the study period, we identified 94 patients who underwent HT following LVAD bridging. Forty-four (48.9%) HT recipients previously supported with LVAD developed vasoplegia after HT. Pretransplant baseline demographic and clinical characteristics are presented in Table 1 . Pretransplant laboratory parameters, medical therapy, and echocardiographic and hemodynamic characteristics are presented in Table 2 . Vasoplegic patients were older (56AE9 versus 50AE11 years; P=0.002), with a longer duration of LVAD support (15.3 versus 10.1 months; P=0.002); had more comorbidities (Charlson comorbidity index 4 versus 3; P=0.001); were more likely to undergo combined organ transplantation (27.3% versus 10%; P=0.03); had higher baseline creatinine (1.5AE0.5 versus 1.2AE0.4 mg/dL; P<0.001); and had a numerically but not significantly higher prevalence of thyroid disease (17% versus 11%; P=0.08). Most patients in both groups were supported by the HeartMate II LVAD (70.5% among vasoplegic patients, 72% among those without vasoplegia), with the remaining patients supported by the HeartWare LVAD. We did not identify any significant differences in medications (including angiotensin-converting enzyme inhibitors, amiodarone, inotropes) or echocardiographic, LVAD, and hemodynamic parameters between those with and without vasoplegia.
Intraoperative Data
CPB time was longer in vasoplegic patients (195.4AE64.1 versus 173.2AE43.2 minutes; P=0.049; Table 3 ) without significant differences in ischemic time (vasoplegia versus no vasoplegia: 190.1AE62.4 versus 182.6AE57.3 minutes). Most patients in both groups were treated with vasopressin during the surgery (81.8% in vasoplegic versus 72% in nonvasoplegic patients), and there was a numerically but not significantly higher use of norepinephrine intraoperatively in vasoplegic patients (50% Table 3 ). Platelet transfusion rates were higher in patients with vasoplegia (17% versus 8%; P=0.013), but similar rates of vasoplegic and nonvasoplegic patients received packed red blood cell transfusion (56.8% versus 58%; P=0.9).
Predictors of Vasoplegia
Univariate and multivariate regression models were constructed to examine the associations of baseline clinical parameters with vasoplegia after HT (Table 4 ). Older age (P=0.003), longer duration of LVAD support (P=0.004), higher creatinine the day before HT (P<0.001), combined organ transplantation (P=0.036), and higher Charlson comorbidity index (P=0.001) were significant predictors of vasoplegia in univariate analysis. Furthermore, we found a marginally significant association between history of hypothyroidism (P=0.081) as well as between longer CPB time (P=0.061) and the development of vasoplegia ( (Table 4 ).
Postoperative Outcomes
Patients with vasoplegia had longer ICU LOS (9.5 versus 6 days; P=0.001) and total hospital LOS (19 versus 13.5 days; P=0.002; Table 5 ). Moreover, they required longer duration of vasopressors (5 versus 2 days; P<0.001), inotropes (6.0 versus 4.5 days; P=0.03), and mechanical ventilation (3.0 versus 1.5 days; P<0.001) after HT. We did not identify differences in requirement of intra-aortic balloon pump and extracorporeal membrane oxygenation. There was no difference in 30-day mortality (3% among vasoplegic patients versus 1% among nonvasoplegic patients; P=0.25), although the overall number of events was small and underpowered to show significant differences between groups.
Long-Term Outcomes
We found a higher mortality 1 year after HT among vasoplegic patients (16% versus 4%; P=0.045). After a mean follow-up of 4 years after HT, all-cause mortality occurred in 28% of patients who developed vasoplegia compared with 6% of patients who did not develop vasoplegia following HT (unadjusted hazard ratio [HR]: 5.2; 95% CI, 1.7-19.3; P=0.003; Figure 1 ). We did not identify differences in risk of acute cellular, antibody-mediated, and hemodynamically significant rejection at 1 year after HT. Furthermore, no differences in allograft function, rates of cytomegalovirus and Epstein-Barr virus infection, and cardiac allograft vasculopathy were observed at 1 year after HT. However, creatinine was significantly higher (1.6AE0.6 versus 1.3AE0.4 mg/dL; P=0.02), and estimated glomerular filtration rate was lower (51 versus 60 mL/min per 1.73 m 2 ; P=0.041) among An additional analysis including 90 patients who survived at least 30 days following HT (after excluding the 3 deaths in the vasoplegia group and 1 death in the nonvasoplegia group within the first 30 days after HT) showed that patients with vasoplegia had significantly lower cumulative survival rates compared with patients who did not develop vasoplegia (P=0.005; Figure 2A ). Among the survivors at 30 days, patients with vasoplegia experienced a large increased risk of death compared with patients without vasoplegia (unadjusted HR: 5.9; 95% CI, 1.5-23.0; P=0.011). After adjustment for age, sex, Charlson comorbidity index, combined organ transplantation, and length of LVAD support, vasoplegia remained an independent predictor of all-cause mortality in this cohort (adjusted HR: 4.6; 95% CI, 1.1-20.1; P=0.040).
Furthermore, 80 patients continued follow-up >1 year after HT (after excluding 7 and 2 deaths in the vasoplegia and nonvasoplegia groups, respectively, in addition to 5 patients with <1-year follow-up after HT). When the survival analysis was restricted to this group of patients, longer term analysis showed significantly lower cumulative survival rates in the vasoplegic group (P=0.02; Figure 2B ). In the unadjusted Cox regression analysis of this smaller group, patients with vasoplegia had increased risk of all-cause mortality compared with those without vasoplegia (HR: 6.1; 95% CI, 1.1-34.9; P=0.041), but this association was no longer significant after adjustment for age, sex, Charlson comorbidity index, combined organ transplantation, and length of LVAD support (HR: 5.3; 95% CI, 0.76-36.7; P=0.091).
Discussion
This retrospective single-center study demonstrates the following salient findings: (1) approximately half of the patients bridged with LVAD before HT developed vasoplegia following HT; (2) vasoplegic patients were significantly older Data expressed as meanAESD, median (interquartile range), or n (%). FFP indicates fresh frozen plasma; PRBC, packed red blood cell. *Vasopressor use represents only the intraoperative use of these vasopressors and not necessarily use during recovery time in the intensive care unit postoperatively. and had longer LVAD support time, higher preoperative creatinine, longer CPB time, more comorbidities, and higher rates of combined organ transplantation; (3) older age, longer LVAD support, pre-HT renal function, and CPB time were independent predictors of vasoplegia; (4) vasoplegic patients had longer ICU LOS, and required longer duration of vasopressors and mechanical ventilatory support; and (5) patients who developed vasoplegia following HT were at significantly increased risk of long-term mortality compared with patients without vasoplegia. Previous studies have focused on predictors of vasoplegia after HT in the general HT population, and, to the best of our knowledge, this study is the first to specifically address the question of whether there might be unique predictors of vasoplegia among patients supported by an LVAD as a bridge to HT. We limited our analysis to the LVAD population because patients supported by continuous-flow LVAD before HT represent a unique and growing cohort of patients with potentially different underlying mechanisms for the development of post-HT vasoplegia. This difference is due to the continuous-flow circulation physiology associated with the LVAD function, which may persistently affect post-HT vasomotor activity even after LVAD explantation. Moreover, LVAD patients may develop LVAD-related complications, including stroke, chronic infection, and pump dysfunction, that may have chronic systemic consequences and thus increase the risk of vasoplegia after HT. In this setting, we hypothesized that a unique set of predictors of vasoplegia (eg, LVAD parameters, LVAD-related complications, and the length of LVAD support) may exist in comparison with the previously tested predictors in the general HT population, which is more heterogeneous (eg, patients on chronic inotropes and others on temporary MCS devices). Given the growing number of patients undergoing HT after LVAD support and the decreased long-term survival of patients with post-HT vasoplegia, detailed assessment of the preoperative risk factors of vasoplegia found in our study is clinically important. First, we confirmed that previously reported risk factors for vasoplegia in the general HT population, including advanced age and prolonged CPB time, are still associated with increased risk of vasoplegia after LVAD bridging; therefore, they are not unique to the LVAD population. Second, we found that the length of LVAD support was a significant predictor of post-HT vasoplegia, independent of other risk factors including reoperative status, CPB time, and combined organ transplantation, supporting specific LVAD-driven factors contributing to the development of vasoplegia syndrome. Consequently, the duration of LVAD support is an important factor that should be considered in the evaluation and preparation of patients supported by LVADs for HT. Based on our results, other LVAD-related parameters and complications were not found to be significantly associated with vasoplegia after HT, but larger studies are necessary to confirm these findings.
Our study is the first to examine the long-term outcomes associated with vasoplegia >1 year following HT and the first of its kind to exclusively examine predictors of vasoplegia after HT among patients who underwent preceding bridging therapy with an LVAD. Previous studies have conflicting results regarding the impact of vasoplegia on postoperative outcomes during a short period of follow-up, with some studies finding no association with all-cause mortality 16, 18 and others showing increased 30-day 15,22 and 1-year 3 mortality. In this study, we found vasoplegia to be associated with worse long-term survival, which could not be attributed to allograft dysfunction, rejection, or cardiac allograft vasculopathy during the first year after HT. A plausible explanation for this phenomenon is that prolonged ICU stay, total hospital stay, and mechanical ventilation leads to delayed recovery, higher risk of nosocomial infections, malnutrition, worse renal function, and other noncardiac complications that adversely affect long-term survival. Furthermore, it is possible that vasoplegic patients are generally sicker, with a higher burden of comorbidities not necessarily captured by our retrospective analysis, and these factors may subsequently result in worse long-term outcomes. Although LVAD implantation as BTT leads to hemodynamic stabilization and improvement in functional status and survival, it does not seem to obviate the risk of vasoplegia after HT, particularly in older HT recipients with renal dysfunction and prolonged LVAD support and CPB time. In fact, utilization of MCS devices (including LVAD) appears to increase the risk of vasoplegia following HT, as suggested by other studies. 15, 18, 22 Although limited by the small number of patients undergoing HT after bridging with mechanical support devices and the lack of information about the time these patients were supported by these devices, Patarroyo et al 15 have shown that %30% of patients supported by mechanical devices (most of which were LVADs) developed vasoplegia after HT compared with only 7% of those who were not supported by such devices. However, other studies involving patients supported by nonpulsatile LVADs presented varying rates of vasoplegia ranging from 20% 22 to 45% 18 depending on the definition and severity of vasoplegia used in these studies. Our findings indicate a notably higher incidence of post-HT vasoplegia among patients bridged with an LVAD than was reported in other studies and that may be explained by greater comorbidities and increased frequency of combined organ transplantation in our cohort, thus prolonging the waiting time for HT while on LVAD support and increasing CPB time during transplantation. Patients with and without vasoplegia following HT had similar 30-day mortality rates. This finding can be explained by better LVAD and HT candidate selection; hemodynamic stabilization of critically ill patients with temporary and permanent MCS; improved postoperative course and survival with continuous-flow LVADs compared with pulsatile devices; and, most important, earlier recognition and more effective management of vasoplegia after HT. Consistent with our observation, a retrospective single-center study involving 240 HT recipients has shown that vasoplegia was associated with longer ICU stay but similar short-term mortality in patients without PGD. 23 Because PGD and vasoplegia share common risk factors and pathogenic mechanisms, the occurrence of both conditions in some HT recipients portends adverse short outcomes. In the absence of PGD, the effects of vasoplegia on in-hospital outcomes may be less deleterious. 23 However, prolonged intubation and increased requirements for administration of intravascular volume can adversely affect right ventricular function, worsen renal function, and prolong hospital stay of vasoplegic patients. Despite these explanations, because early splitting of the Kaplan-Meier curves was noted between vasoplegic and nonvasoplegic patients, it is likely that we were underpowered to find significant differences in mortality between groups given the small number of events that occurred during the first 30 days after HT. Consequently, adequately powered multicenter studies are needed to evaluate differences in short-term mortality risk in association with development of vasoplegia following HT.
Accumulating evidence from prospective randomized blinded clinical trials and a meta-analysis of these trials suggests that administration of vasopressin or a combination of vasopressin with catecholamines is associated with lower rates of atrial fibrillation 24, 25 and, in some studies, mortality 24 compared with administration of norepinephrine alone. In refractory vasoplegia cases, a single dose of intravenous methylene blue can improve SVR by reducing vascular response to nitric oxide. 26 However, its efficacy has not been validated in prospective randomized clinical trials. Adoption of minimally invasive surgical techniques (eg, left thoracotomy) may decrease incidence of right ventricular failure after LVAD implantation, 27 in BTT LVAD patients may decrease CPB time, bleeding, and blood-product requirement after sternotomy for HT. Other strategies to restore vascular function in refractory cases include corticosteroids, angiotensin II, vitamin B12, and prothrombin complex concentrate, 4 but their effects on perioperative outcomes have not been well studied. Despite the advances in recognition and treatment of vasoplegia, the incidence of this morbidity remains high, particularly among patients who undergo LVAD implantation or HT. Moreover, the pathophysiology behind vasoplegia is complex and multifactorial, including increased activation of proinflammatory cytokines, vasodilatory peptides, and resistance to catecholamine-based vasopressors. 28 Patients with advanced heart failure listed for HT are already in a chronic inflammatory state. In the setting of prior LVAD support, redo sternotomy typically results in longer CPB due to explantation of the LVAD, higher perioperative bleeding risk and bloodproduct requirement, more pronounced inflammatory state, and subsequent release of vasoactive mediators. 15 Furthermore, among LVAD recipients with preexisting renal dysfunction, diminished clearance of various circulating vasodilators may further exacerbate this phenomenon. LVAD patients are also frequently treated with angiotensin-converting enzyme inhibitors, heparin, and amiodarone, which have been identified as risk factors for vasoplegia in previous studies, 1 although they were not confirmed as significant determinants of vasoplegia in our study. The presence of additional risk factors encountered in patients supported with LVAD may lead to marked reduction in SVR and may explain the higher incidence of vasoplegia among these patients after HT. Indeed, LVAD has been proposed in previous retrospective single-center studies to be an independent risk factor for vasoplegia. 15, 22 Our study further extends these findings by showing that longer LVAD support is associated with increased risk of vasoplegia among HT recipients. Whether LVAD support itself promotes greater chronic inflammation that is accentuated by longer support, thus inducing postoperative vasoplegia, is unknown. Studies have shown that continuous-flow LVADs affect normal vasomotor activity through changes in nitric oxide synthesis and release. 29 Furthermore, LVAD support results in increased wall thickness, collagen, and smooth muscle content accompanied by a reduction in elastin of the aortic wall. 30 However, whether long-term continuous flow alters vascular response and disturbs the autoregulatory vasoresponsiveness of blood vessels after subsequent cardiac surgery warrants further investigation.
Limitations of our study should be acknowledged. This study is retrospective, representative of a single-center experience and practice. Another limitation of this study is that some relevant clinical variables might not reach significance because of a small sample size rather than having a neutral effect on vasoplegia outcome. The high prevalence of combined organ transplantation in our program may limit generalizability of our findings to other transplant centers that perform single HT only. Moreover, no patients with HeartMate 3 devices met the inclusion criteria. Consequently, our results might not be generalized to all LVAD centers and populations. Despite these limitations, the main strength of our study is the inclusion of HT recipients who were previously supported by LVADs and the long-term follow-up.
In conclusion, vasoplegia is a common perioperative complication of HT among LVAD recipients. Despite successful transplantation, vasoplegia affects not only short-term outcomes such as ICU, hospital stay, and duration of mechanical ventilation but also long-term survival following HT. Age, length of LVAD support, preoperative renal function, and CPB time are independent predictors of vasoplegia. Further research is warranted to examine whether modification of these risk factors for vasoplegia can affect early and long-term outcomes after HT.
Disclosures
None.
